ABSTRACT Genetic parameters for the ascites syndrome (AS) were estimated for meat-type chickens. Data had been collected over 11 generations of selection for body weight and other traits within two distinct breeds (Cornish and White Rock). Linear methods (LM) were used to estimate genetic parameters and also to analyze a binary measure of survival. Survival analyses (SA) were also conducted to estimate the effects of various factors influencing the incidence of AS by evaluating the number of days that the birds survived. The animal model was used exclusively with linear methods. Heritabilities (h 2 )
INTRODUCTION
Ascites (AS) is a metabolic disease that affects young, fast-growing broilers. The increasing prevalence of this disease has coincided with continuing genetic and nutritional improvements in feed conversion ratio and growth rate (Julian, 1993) . The genetic component appears to be important, as there is increased susceptibility in those lines of broilers with very high rates of growth (Maxwell, 1990) . Despite clearly detrimental economic repercussions to the international broiler industry (Maxwell and Robertson, 1997) , and the negative impact on animal welfare, little research has been conducted to estimate the genetic parameters such as heritability (h 2 ) and genetic correlations (r g ) of this abnormality with other traits or diseases such as body weight or sudden death syndrome. The paucity of information at the quantitative level can be related, in part, to difficulties with implementation of meaningful experimental designs and analysis of the information collected. Part of the difficulty arises from the low prevalence of AS in broiler populations, meaning that a relatively large database is needed to conduct reliable genetic analyses. Another difficulty comes from the nature of the trait considered, 2001 Poultry Science Association, Inc. Received for publication July 24, 2000. Accepted for publication March 19, 2001. 1 To whom correspondence should be addressed: hkhalegh@ uoguelph.ca.
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on the liability scale were 0.12 ± 0.02 and 0.22 ± 0.01 in the White Rock and Cornish breeds, respectively; however, the genetic correlation (r g ) with body weight was not possible to estimate due to the low prevalence of the defect trait studied (1.5% in the Cornish and 1.1% in the White Rock). Because males are more prone to AS, the h 2 using the male records only were 0.22 ± 0.017 and 0.41 ± 0.009, and the r g were 0.35 ± 0.007 and 0.22 ± 0.009 in the dam and sire populations, respectively. In conclusion, the heart defect investigated was heritable and had a positive genetic correlation with body weight. a threshold, as opposed to a continuous trait. In other words, AS, like many other diseases, is a polygenic trait with categorical phenotypes.
Different approaches have been developed to estimate genetic parameters for threshold traits. Many studies (e.g., Schaeffer and Wilton, 1976; Berger and Freeman, 1978; Thompson et al., 1981) have used linear methods (LM) and have demonstrated little practical difference between linear and nonlinear methods for genetic parameter estimates of threshold traits. In Canada, LM is used to genetically evaluate threshold traits of dairy cattle (e.g., herd life) in binary form (Jairath et al., 1998 ). An attractive feature of LM is that the animal effect can be readily incorporated into the model tested.
Survival analysis (SA), or failure-time analysis, is another alternative for conducting genetic and statistical analyses of threshold traits (Ducrocq et al., 1988) . Essentially, survival analysis allows for the estimation of rate of hazard (probability of survival) past a given time t, given survival up to t. However, the implementation of such analysis is not straightforward, especially when studying a disease with a low incidence. Such low incidences may translate into different problems that include the nonconvergence of the algorithms used for calculations.
Abbreviation Key: AS = ascites; h 2 = heritability; HF = hazard function; LM = linear methods; SA = survival analysis; r g = genetic correlation.
The present study estimates the heritability of AS and its genetic correlation with body weight in two distinct breeds of meat-type chickens, Cornish and White Rock. Genetic parameters were estimated using a linear method. Survival analyses were also conducted to estimate the effects of various factors on the incidence of AS.
MATERIALS AND METHODS

Data Collection
Data were collected from broiler strains of chickens raised between 1981 and 1992. Data collection was part of a large project conducted at the Animal Research Center Agriculture Canada in Ottawa. Birds of the Cornish breed (sire population) and White Rock breed (dam population) were evaluated during one generation of random mating in order to establish a base population, during 10 generations of selection, and during a subsequent generation to evaluate the response to selection.
The traits considered for selection included body weight at Day 28; feed efficiency, Days 28 to 42; abdominal fat percentage of carcass weight at Day 47; hatching egg production; hatchability and freedom from crippling. Characteristics of the sire and dam populations are summarized below with experimental details. For additional details, refer to the papers by Chambers et al. (1984) and Wang et al. (1991) .
Sire Population
The sire population consisted of three selected strains with two replicates each in the first five generations and an unselected strain (control, Strain 20). All three strains were selected for high 28-d body weight and also 28-to-42-d feed efficiency (Strain 23), 47-d abdominal fat percentage of sibs (Strain 21) or both traits (50% emphasis on each trait) (Strain 25). In Generation 5, the parents from the selected replicate strains were crossed to combine the replicate strains. Subsequently only one strain was kept for each program of selection. The replicate strains were combined during the reproduction of Generation 6 to restore the effective numbers of sires and dams that had been reduced following heat treatment of the hatching eggs (Yoder, 1970) to eradicate mycoplasmas. In all strains, including the control, sib matings were avoided, except that mating was at random.
Dam Population
The dam population was composed of one selected strain with two replicates (Strains 31 and 32) and one unselected strain (Strain 30) in each of the first five generations. All the birds in Strains 31 and 32 were selected for body weight at Day 28, feed efficiency between 28 and 42 d of age, and hatching egg production of females to 280 d of age, with each of the three traits receiving equal selection pressure. As for the sire population, parents from replicate strain pairs were crossed in Generation 5 to combine the replicate strains.
Necropsy
In the sire and dam populations, all birds that died were necropsied to determine possible causes of mortality. All chickens that died due to heart failure were classified as acute or chronic. Those with acute heart failure and dying by 65 d of age were believed to have died of sudden death syndrome or flip-over disease. Many of these mortality records had the term flip-over assigned. Chickens that died of chronic heart failure by 105 d of age were believed to have died of AS (pulmonary hypertension, right ventricular failure). The term AS was found on a few of these records, indicating that fluid had accumulated in the peritoneal cavity.
For LM and SA, the data were similarly structured. This structure is indeed fairly standard across binary and survival analyses. In the LM, a different coding (1 and 0) was used to distinguish between those birds that died of AS and those that did not. In the SA, a measure of time as days to death from the origin (date of hatching) and a measure of censoring were used. If a bird died because of problems other than AS or if it was slaughtered, then the record for that bird was treated as censored.
Survival Analysis
Preliminary analyses were conducted using parametric regression methods. These methods were implemented to test hypotheses about the shape of the hazard function (HF). The tests were based on maximum likelihood ratios, which were computed using procedure LIF-EREG of SAS software (SAS Institute, 1999) . All coefficients in the models were estimated, and we tested the null hypothesis that each coefficient was 0. To find the best fit, likelihood-ratio statistics of five different models, each based on a different underlying distribution of the data, were used. The different classes of models considered were exponential, Weibull, log-normal, standardgamma, and generalized-gamma models. Based on comparisons of the likelihood ratios for the nested models and on plots of log[-log(survival)] versus log(time) (not shown), it was concluded that the Weibull distribution provided the best fit for the data at hand. The general model used was as follows:
where λ(t) is the HF for an individual that has survived for t days, λρ(λt) ρ−1 is the Weibull baseline HF, and X(t)′b represents the vector of fixed effects.
Linear Methods
For genetic estimations based on analyses of binary data with LM, the PEST software (Groeneveld and Kovac, 1990 ) was first used to recode edited data. The method of restricted maximum likelihood was then used for estimating r g and h 2 on the observed scale using the VCE4 software (Groeneveld, 1998) . A two-trait animal model was used, which is characterized by the general equation that follows:
where Y is the vector of observations, X is the incidence matrix for fixed effects, Z is the incidence matrix of random additive animal effect, e is the vector of random residuals, β is the vector of unknown parameters for fixed effects, and u is the vector of unknown parameters for random effects. Values of h 2 estimated on the observed scale were converted to values on the liability scale using the following equation:
where h 2 1 is the estimation of h 2 on the liability scale, h 2 o is the h 2 on the observed scale, p is the proportion of affected individuals, and z is the height (in standard deviation units) of the normal curve at the threshold point and is equal to i × p, in which i is the mean deviation from the population mean of animals with values exceeding the threshold.
RESULTS AND DISCUSSION
The number of observations, the rate (percentage) of survival, and the prevalence of AS in the sire and dam populations evaluated are presented in Table 1 . The phenotypic variance is merely a binomial function (p × (1 − p)) of the prevalence. The prevalence of AS in both populations was relatively low, ranging from about 1.1 to 1.5%. The estimated hazard functions for AS for both breeds are shown in Figure 1 . Usually death from AS occurs most frequently after 5 wk of age (Julian, 1989) , and as it can be observed in Figure 1 , the HF for each breed was roughly symmetric, with a distinct peak around Day 45 (Weeks 6 to 7), following a steep decrease until about Day 60 (Weeks 8 to 9), and a further decline until Day 90 (Weeks 12 to 13). The sudden decrease of hazard after Day 45 may be related to the change in feeding (from broiler to breeder rations) and in the feeding practice that took place at Day 49 (from ad libitum to skip-a-day). Table 2 shows the mean ages of mortality due to AS and their standard deviations for both breeds; however, mortality could be expected to occur earlier in crossbreds, at high altitudes, or during cold temperatures.
As expected, the sire population (Cornish) had a higher hazard than the dam population (White Rock), with a highly significant difference in hazard between the two breeds (P < 0.0001). The risk ratio for the sire population was estimated to be about 1.34, meaning that the Cornish breed had about 34% more chance of developing AS than the White Rock.
The estimated values of the ρ parameter (the Weibull parameter) were 1.27 for the White Rock and 1.17 for the Cornish breed. A value of 1 for ρ indicates that the baseline hazard rate is constant over the time interval, in which case the Weibull distribution simplifies to an exponential distribution. A ρ > 1 indicates that the baseline hazard rate increases with time, which seems logical, given that the incidence of AS increased up to a certain age in the broiler flocks.
The patterns and the differences of HF evidenced for the two breeds were also apparent when the HF for males and for females were considered. Males were much more susceptible to AS than females (Figure 2) . The estimated risk ratio for females was approximately 0.24 compared to those of males (considering the risk ratio for males being equal to 1). To assess whether the selection program had a significant effect on the incidence of AS, contrasts between control (Strains 20 and 30) strains and selected strains and between replicates were considered. Figures 3 and  4 show the HF for the selected and unselected strains in the sire and the dam populations. There was a clear difference in susceptibility among the strains evaluated, indicating that selection for high body weight did have an effect in increasing the prevalence of AS. The highest hazards were observed for the strains that were selected for high body weight at Day 28 and high feed efficiency (Strain 23). It seems that in the sire population strains, the hazard increased in proportion to the selection emphasis for feed efficiency.
Restricted maximum likelihood was used to estimate the additive genetic variances and the genetic correlations between AS and body weight. A two-trait animal model was used to minimize the bias due to the effects of selection. Many of the elements in the right-hand side of the mixed model equations were 1 or 0. The numbers of sires, dams, and progeny tested per strain were relatively large, and so a high degree of accuracy was expected.
Difficulties were encountered in estimating genetic correlations between body weight and AS for the whole populations (both males and females). This difficulty was likely due to a combination of a low incidence of the ailment studied and missing values of body weight for some diseased birds. The reduction of the data available for analysis probably contributed to the decreasing reliability of the results (high standard errors).
Estimates of h 2 derived from linear analyses, after transforming values on the observed scale to values on the underlying scale, and the highlights of the differential incidence of AS across families are shown in Table  3 for the sire and dam populations. The seemingly moderate h 2 for AS and the similarity in the breeding values of relatives could be expected. Because AS was mostly restricted to certain families, family selection could be used as an effective tool for reducing AS in the broiler flocks.
The values of h 2 ranged from 0.12 to 0.22. These values indicate that despite the relatively low incidence of AS, additive gene action plays an important role in determining susceptibility to the disease. To our knowledge, studies reporting h 2 estimates for AS in broilers are extremely rare, and so there was little opportunity to compare our results with results in the literature. Only the research by Lubritz et al. (1995) provides some data of h 2 for AS in broilers exposed to cool temperatures from 2 to 8 wk. In this paper, Lubritz and co-workers applied a sire model to estimate h 2 . The values of h 2 estimated by this method varied from 0.11 to 0.44, depending on broiler lines and rate of growth.
As expected, the dam population had lower values of h 2 than the sire population. Thus due to higher frequency, family selection for decreasing AS, at first, is expected to be more effective in the sire than in the dam population. Because the incidence of AS and of cardiovascular problems in general is much greater for males than for females, the h 2 estimated from both sexes is expected to be less than that based upon male records only. The estimates of genetic parameters for male records only are presented in Table 4 . Although the genetic correlation between AS and live body weight was not high, it was much larger than the respective phenotypic correlation within each line. The phenotypic correlations between AS and body weight ranged from +0.015 to +0.017. The systematic difference between genetic and phenotypic correlations may be due in part to the nature of the 0 and 1 scoring of the dependent variable. It is also possible that there were some negative environmental correlations between the defect traits and live body weight. A higher genetic correlation with a smaller standard error could be expected if all the birds had body weight measured, especially if this trait was measured prior to the time that the growth was stunted due to AS.
The above observations have important implications in terms of breeding practices. First, the defect trait studied had a moderate-to-high component of genetic variation, on the order of 10 to 40%. Second, AS had an unfavorable positive (moderate) genetic correlation with live weight. The results also imply that selecting against them may reduce the incidence of cardiovascular defects in the meat-type chickens. Problems remain, however, because AS and live-weight are positively correlated so that selection programs for body weight are likely to increase, or at best maintain, current levels of abnormalities. 
